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Abstract 
In this work, the characteristics of two coatings and their contribution to a reduced coefficient of friction were studied. In 
addition, the structural changes of the ski base material due to the waxing process and subsequent skiing were also studied. The 
Fluorine content, both in the base material and the wax, was given special attention. Field and laboratory experiments on the ski 
base materials, both with and without waxes, were conducted, whereas the material characterization has been evaluated by 
using X-Ray Photoelectron Spectroscopy (XPS), Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and contact angle 
measurement of water droplets on the ski base materials. The friction properties of the ski running surfaces have been tested in 
outdoor gliding tests in which the ski running surfaces have been compared with each other, as well as to a reference ski. A 
tribometer was used in the lab tests to measure the coefficient of friction (COF), and it was found that the Fluorine content on 
the top surface is not directly comparable with the surface energy and the contact angle. On average, skiing performance 
improved significantly by 4 % directly after the application of high fluorinated waxes, while the COF of the used ski base 
samples increased significantly by 55.4 % and 96.3 % after 34.1 km of skiing in free technique.  
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1. Introduction 
In Nordic Skiing, good gliding properties are essential for success. Among many parameters, the tribological 
system is affected by the material properties of the ski running surface and various wax combinations that are 
applied on top of the ski sole to minimize kinetic friction. Due to its combination of outstanding tribological 
behaviour and great processability (Ducret et al., 2005, Buhl et al., 2001), the material of choice for ski running 
surfaces is ultra-high molecular weight polyethylene (UHMWPE), which is a linear semi-crystalline polymer with 
hydrophobic characteristics (Fischer et al., 2008, 2010). In order to further enhance the performance of UHMWPE, 
additives and solid lubricants such as graphite, polytetrafluorethylene (PTFE) and carbon black are often added in 
the production process according to Schamesberger (1995), Colbeck and Perovich (2004) and Brydson (1999). 
Before competitions it is common to wax the ski running surfaces, with the ski industry offering a wide range of 
petroleum-derived products such as hydrocarbons, alkanes and fluoroalkanes for waxing the skis stated by 
Rogowski et al. (2005). 
Ski technicians generally make a great effort to find the best suitable wax combination for any snow and 
weather condition. The traditional way to wax skis includes several steps, starting from various hydrocarbon waxes 
to advanced treatments with high flour content waxes. Fluorine-based additives in the paraffinic wax can lead to a 
significant increase in the water static contact angle, thereby advancing the angle and penetrability property of a 
paraffinic wax (Rogowski et al. (2007). Fluorine-based products are available in both a solid and liquid state, and a 
commercial version (Cera F) was introduced to the market in 1990 as powder (Torgersen, 2010). Recently, more 
popularly developed liquid products are an advantage due to their fast and easy application, forming a thin coating 
on top of the ski base material.  
Although the wax industry has created many good products and treatments, professional skiers often report a 
drop in performance over time. Kuzmin and Tinnsten (2005, 2007) for example reject the idea of ski wax for glide 
preparation due to an unnecessary dirt adhesion.  
Therefore, the major research question of this study focused on the material changes due to the waxing process, 
in addition to the evaluation of the content of specific elements contained in the wax. How do liquid gliding 
products, which contain additives in nano size, interact with the ski base? Special attention has been paid to the 
Fluorine and Gallium content in both the materials and waxes, and a subsequent goal has been to compare field and 
lab tests and assess the representativeness of friction lab tests for outdoor field tests. 
2. Methods 
This study included both lab and experimental field tests, and to help achieve a greater understanding of the ski 
base and impact of waxes, two UHMWPE ski running surfaces from Isosport (Eisenstadt, AUT) with an identical 
content of carbon black, though with a different molecular weight and additives (PTFE), were chosen (hereafter 
called IS-4 and IS-5). Both materials were treated with three different products (referred as Glider-A, Liq.-A and 
Liq.-B) from two producers (referred as A, NOR; B, JPN). The liquid waxes were applied on top of the basic wax, 
Glider-A, and rubbed into the running surface according to the producers’ recommendations. The same type of 
surface stone grinding was also used on the ski running surfaces prior the wax treatment. 
2.1. Materials characterization 
To obtain chemical information about the material composition from the surface, X-ray photoelectron 
spectroscopy (XPS) analyses were conducted that caused the ejection of core-level electrons. The energy of core 
electrons is a function of its binding energy and is characteristic of the element, with XPS indicating the chemical 
state and giving a measure of the relative amount of the element stated by Materials Evaluation and Engineering, 
Inc. (2013). Moreover, a Kratos Axis Ultra (Shimadzu Corporation of Kyoto, JPN) instrument was used in this 
project to perform the analyses, and the ski base samples tested were cut into small square samples (10 mm x  
5 mm). 
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Contact angle, ș, measurements were conducted to help characterize the hydrophobic properties of the untreated 
and waxed running surfaces. The static wettability measurements were carried out through the use of a sessile drop 
technique. The angle between the horizontal and tangent line at the triple point was defined as a contact angle. All 
samples were tested with 10 drops each, and the results illustrate an average ± standard deviation.  
For a precise determination of metallic ion concentrations in liquid solutions, the Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) technique was used. The liquid solutions were heated with a plasma torch at 
approximately 7000 °C, the metal ions were separated in a magnetic field chamber, and the different species were 
detected by mass spectroscopy (MS). An ICP-MS was performed in order to measure the Gallium ion 
concentration in the liquid waxes, and the solutions were injected into the Finnigan ELEMENT 2 high resolution 
ICP-MS equipment. 
2.2. Gliding tests 
Outdoor sliding tests were conducted stepwise to monitor the change in gliding performance between the two 
different running surfaces and one reference ski. An experienced ski technician from the Norwegian Ski Team 
carried out all the gliding tests, and two different test areas were used in this study (Holmenkollen in Oslo and 
Granåsen in Trondheim). An ethic approval was not necessary for this study. Both test tracks had similar profiles, 
with a slight downhill in the beginning that flattened out towards the end. The skier stood still in a crouched 
position, and time was measured between two photocells along the track. Furthermore, weather and snow 
conditions were monitored throughout the tests, thereby assuring that changes in the kinetic friction counted as the 
main source for time changes. The three pairs were tested six times in an afferent and declined order (ski no. 1-2-3-
3-2-1), thus resulting in 18 runs for each test. In total, six gliding tests were performed: (1) unwaxed, (2) waxed 
with Glider-A and Liq.-A wax, (3) after 9.7 km of skating and (4) after 19.1 km of skating. Due to a change in the 
weather and track conditions in Oslo, the tests were stopped and continued two days later in Trondheim with (5) an 
initial gliding test after 20.7 km and (6) after 32.7 km of skiing (distance accumulated includes all distances after 
the skis were treated with wax). The reference ski was only included in the gliding tests, and the average gliding 
time is illustrated in the results. 
The coefficient of friction (COF) of the different ski base materials sliding against snow was measured using the 
TE88 multi-station friction and wear test machine from Phoenix Tribology (Kingsclere, GBR), hereafter called a 
tribometer. The pin-on-plate module was used for testing square 20 mm x 20 mm ski base samples, with 
Bäckström et al. (2008) reporting values up to 330 N in their proportional pressure distribution measurements. A 
load of 150 N was chosen for the tests, which resulted in a nominal contact pressure of 375 kPa. The snow holder 
was made of a 78 mm x 80 mm hollow on the inside brass plate where a coolant circulated, and the chosen sliding 
distance was 50 mm. Fine grained snow was collected at -2 °C and stored at -18 °C, and the tests were run for 30 
min. First, the tests were run for 10 minutes at a speed of 0.1 m/s, followed by 10 minutes at 0.2 m/s and 10 
minutes at 0.1 m/s again. This procedure was repeated one additional time, and the results illustrated are the 
average of these six measurements. Finally, all samples were investigated with an Alicona InfiniteFocus 3D 
microscope (Raaba/Graz, AUT) before, between and after testing. 
3. Results 
Results from the XPS measurements (see Table 2) present an approximate element composition for each 
material, based on the intensity and area of the peaks as a function of the binding energy, and the Fluorine content 
in the IS-4 and IS-5 materials without any wax are very similar (see Figure 1). IS-5 contains small PTFE particles, 
which exhibited a higher Fluorine content. Gallium could not be detected in any of the materials with the XPS. The 
results for the liquid waxes from the ICP-MS showed 17.6 ng/mL of Gallium (Ga) for the Liq.-B product, which is 
a very low concentration to be detected by XPS. After melting Glider-A onto the running surfaces, the contact 
angle increased for both materials, while the COF declined. The COF and hydrophobicity of the materials showed 
a negative correlation of r = -0.69. The application of Liq.-A led to a decrease of the contact angle, although the 
COF tested with the TE88 device resulted in a further decrease of -8.5 % (IS-4) and -19.4 % (IS-5), which was also 
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the lowest COF measured in this study with 0.016. The highest contact angle was measured before skiing with the 
Liq.-B applied on IS-5 at 121°. The materials with the lowest contact angle and the highest COF are the ones after 
use in the gliding field tests. The roughness of the tested bases was also measured, as it can affect the contact 
angle. However, the roughness for the tests is designed to be equal and the roughness area measured only 
represents a part of the area where the contact angle test has been performed. It is therefore assumed that little 
differences for friction will appear due to roughness since it will be very similar for all materials (Table 1).  
After skiing 34.1 km, the Fluorine content clearly decreased for both base materials, whereas IS-5 preserved the 
wax better by keeping 2.3 % of its original 5.3 %. Another interesting finding is the raised value of Nitrogen in all 
samples after 34.1 km of skiing, with values between 0.5 % to 1.9 %. 
The outdoor gliding tests were performed under stable conditions within each test, albeit with slight changes 
between the tests, with IS-5 always performing better than IS-4. All results are relative compared to the reference 
ski, which was only skied during the timed gliding tests, whereas the two other pairs were skied on for a total of 
34.1 km split into three laps (8.1 km, 7.8 km and 10.6 km), including each gliding test of 1,380-1,600 metres of 
skiing. During the first four gliding tests the two running surfaces displayed very similar results, while both 
responded with an improvement of 4 % due to wax. The further development was not uniform as expected, and 
after the last loop of 10.6 km, IS-4 and IS-5 improved on average by 3.2 % compared to the reference ski.  
With the exception of IS-5 + Liq.-B, the tribometer measurements displayed the highest COF for unwaxed ski 
running surfaces and the ones that were skied on for 34.1 km. However, applying Liq.-A on top of the materials 
with Glider-A resulted in a small difference in performance for the two materials, though favouring IS-5. IS-5 with 
Liq.-A wax is the material with the lowest COF tested in the tribometer, which is 0.0022 lower than IS-4, with a 
contact angle that is 3.8° larger. The contact angle for IS-5 Liq.-B is the highest of all the contact angles, at 121.3°, 
which is followed by IS-4 Liq.-B at 106.8°. For the COF measured, IS-4 has the second lowest, while IS-5 has the 
third lowest. After the full skiing length, IS-4 with Glider-A and Liq.-A displayed a 2.9 % higher COF compared to 
the unwaxed material, while IS-5 was raised by 16.9 %. The rise in COF becomes even higher when comparing the 
newly waxed materials to the skied samples, with an increase of 55.4 % (IS-4) and 96.3 % (IS-5) measured on the 
newly waxed samples.  
The surface topography yields no remarkable changes after the friction measurements with the setup used in this 
project, which corresponds to approximately 500 metres of skiing. There was neither a notable difference in the 
topography of the ski running surfaces that had skied for 34.1 km nor in the newly ground skis with the same 
roughness. 
 
  
a 
  
b 
Fig 1. (a) XPS analyses from both base materials compared with Liq.-A and Liq.-B wax before skiing, and (b) after skiing 34.1 km  
(in the spectra F 1s). 
271 Felix Breitschädel et al. /  Procedia Engineering  72 ( 2014 )  267 – 272 
Table 1. Average gliding times for all tests during the field tests, including percentage deviation compared to the reference ski.  
*) tested at Holmenkollen, Oslo, **) tested at Granåsen, Trondheim. ***) highly significant change P < 0.01. 
 
 
no wax* Glider-A + Liq.-A * loop 1
* loop 2* test 5 ** loop 3** 
acc. skiing [km] 1.6 1.6 11.3 20.7 22.1 34.1 
Ref [sek] 12.767 13.279 13.113 12.926 13.230 12.956 
IS-4 [sek] 13.557 13.492 13.388 13.090 13.623 12.953 
IS-5 [sek] 13.512 13.519 13.332 13.081 13.374 12.655 
IS-4 [%] 5.83 1.58*** 2.05 1.25 2.89 -0.02 
IS-5 [%] 5.51 1.78*** 1.64 1.19 1.08 -2.38 
Table 2. XPS results from the first test of each sample. The IS-5 running surface contains small PTFE particles, with one measurement 
focussing on such a particle. All values are in the approximate atomic percentage [%], based on the intensity and area of the peaks as a function 
of the binding energy. Roughness, Rq, [μm] measured during the TE 88 test. Time [%] for the field test compared to the reference ski. Note: 
Negative percentage means the skis were faster than the reference ski; contact angle, ș, [°] and the average coefficient of friction (COF). 
Sample C O F N Ga B Na S Si Rq time Ʌ COF 
IS-4 no wax 92.7 3.1 2.7 - - 0.1 0.6 0.6 - 3.09 5.83 86.9 0.0278 
IS-4 Glider-A 92.4 5.0 0.9 - - 0.3 0.7 0.6 0.2 2.83 - 98.5 0.0201 
IS-4 Liq.-A 93.9 1.7 3.8 - - - 0.2 0.2 - 3.00 2.05 93.6 0.0184 
IS-4 Liq.-B 94.4 2.3 2.4 - - - 0.4 0.4 - 2.47 - 106.8 0.0165 
IS-4 Liq.-A 34.1 km 83.1 10.6 0.4 1.9 - 0.2 1.4 0.8 0.7 2.44 0.02 85.3 0.0286 
IS-4 Liq.-B 34.1 km 86.1 9.5 0.3 1.3 - 0.1 0.7 0.7 0.7 2.54 - 81.4 0.0275 
IS-5 no wax 89.2 5.1 2.6 - - 0.6 1.0 1.0 - 3.24 5.51 93.8 0.0272 
IS-5 Glider-A 89.5 5.4 2.5 - - 0.1 0.7 0.7 0.4 3.33 - 99.6 0.0204 
IS-5 Liq.-A 82.1 7.5 5.3 - - 1.5 1.4 1.4 0.2 2.53 1.64 97.4 0.0162 
IS-5 Liq.-B 90.5 3.2 4.8 - - 0.1 0.6 0.6 0.1 3.05 - 121.3 0.0180 
IS-5 Liq.-A 34.1 km 87.8 6.7 2.3 1.6 - 0.2 0.4 0.4 0.5 3.56 -2.4 77.5 0.0318 
IS-5 Liq.-A 34.1 km –PTFE 80.2 6.5 9.4 1.8 - - 0.3 0.3 0.5 - - - - 
IS-5 Liq.-B 34.1 km 86.6 7.4 2.6 0.5 - 0.1 0.8 0.8 0.6 2.84 - 81.0 0.0194 
Reference ski - - - - - - - - - 2.95 0 - 0.0155 
 
4. Discussion and Conclusions 
It is difficult to make any direct comparisons between the outdoor field tests and the lab tests in this project. The 
test material IS-5 Liq.-A 34.1 km is a large exception, insofar as being the best in the track and the worst in the lab. 
Nevertheless, other than that result, there are many similarities between the lab and field tests. 
Fluorine contributes to a lower surface energy, which makes the material water repellent, thereby resulting in a 
higher contact angle. However, the Fluorine content is not proportional to the contact angle of the material tested. 
For both materials, Liq.-A wax contained the highest amount of Fluorine, but had a lower contact angle than 
Glider-A wax, which had the lowest amount of Fluorine for both materials. Compared to standard hydrocarbon, 
waxes like Glider-A, the two liquid waxes tested present high precious products, which are selection of choice of 
many racing skiers.  
The Fluorine content and the static contact angle of the material tested are close to the results found by 
Stamboulides et al. (2012, 2013) using XPS and a sessile drop technique. It is also worth noting that the liquid 
waxes used in this work (Liq.-A and Liq.-B) might suffer some type of evaporation once in the vacuum chamber. In 
Sugimura et al. (1991), it is mentioned that the Gallium particles added in the wax can be in a range between  
0.01 wt% to 10 wt% or even higher in order to improve performance. If the wax has a low amount of Gallium, the 
XPS is not sensitive enough to detect this element. In addition, the wax was spread as liquid, forming a thin layer 
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on the base, hence making it difficult to be held on the surface after introducing the sample in the XPS vacuum 
chamber. 
Nitrogen may be a contaminant found in the snow or due to the handling process of the skis during the field 
tests. To confirm the origin, a sample of liquid snow should be tested in ICP to identify the elements. IS-5 and 
Liq.-B contained less Nitrogen, which could imply that the Liq.-B wax prevents the accumulation of dirt and 
contamination better than the Liq.-A wax.  
The results from the gliding field tests showed that both of the test materials acquired significantly better gliding 
properties after wax treatments and further enhanced properties during skiing for a long time. Considering the 
literature, friction and contact angle for water droplet results obtained in the lab, this is most likely only a happy 
coincidence. Further gliding field tests to prove this should be performed. 
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